phys. Res. 95, 21731 (1990).

3. R. Boehler, Earth Planet. Sci. Lett. 111, 217
(1992).

4. Q. Williams, R. Jeanloz, J. Bass, B. Svendsen, T.
J. Ahrens, Science 236, 181 (1987).

5. W. A. Bassett and M. S. Weathers, J. Geophys.
Res. 95, 21709 (1990).

6. G. Shen, P. Lazor, S. K. Saxena, Phys. Chem.
Mineral., in press.

7. H. K. Mao, P. M. Bell, C. Hadidiacos, in High
Pressure Research in Mineral Physics, M. H.
ManghnaniandY Syono, Eds. (American Geophys-
ical Union, Washington, DC, 1987), pp. 135-140.

8. L.C. Mingand W. A. Bassett, Rev. Sci. Instrum. 9,
1115 (1974).

9. F. P. Bundy, J. Appl. Phys. 36, 616 (1965).

10. L. Liu and W. A. Bassett, J. Geophys. Res. 80,
3777 (1975).

11. P. W. Mirwald and G. C. Kennedy, ibid. 84, 656
(1979).

12. O. L. Anderson, ibid. 95, 21697 (1990).

13. J. M. Brown and R. G. McQueen, ibid. 91, 7485
(1986).

14. J. D. Bass, T. J. Ahrens, J. R. Abelson, T. Hua,
ibid. 95, 21767 (1990).

15. R. Boehler, Geophys. Res. Lett. 13, 1153 (1986).

16. M. Ross, D. Young, R. Grover, J. Geophys. Res.
95, 21713 (1990).

17. D. A. Young and R. Grover, In Shock Waves in
Condensed Matter—1983, J. R. Asay, R. A. Gra-
ham, G. K. Straub, Eds. (Elsevier, New York,
1984), pp. 66-67.

18. The spectrograph collects the radiation from an area
of 3 wm in diameter of the sample through a pinhole
with 50 pm in diameter. The temperature gradient
over this area is only a few degrees. The error bars
in Fig. 2 reflect the laser power fluctuation (root
mean square is less than <0.5%). We followed the
method suggested by Boehler et al. (2) in using a
ruby crystal on the top of the sample as the isolator.
The use of crystals eliminates the possibility of any
significant reaction with the sample. In particular at
the subsolidus temperature range of our study,
reaction between the iron and the ruby was not a
problem. A circular area with diameter of 3 wm was
sampled by the spectrograph to get one pressure

value; this method reduces errors in pressure deter-
mination resulting from the presence of a pressure
gradient In the chamber. The pressure was deter-
mined at room temperature. Following the discus-
sion by D. L. Heinz [Geophys. Res. Lett. 17, 1161
(1990)], we added 7% to the observed value to
account for the thermal pressure. Before measure-
ment, we heated a spot with the laser to relax the
sample assemblage mechanically The pressure
usually dropped by up to 16% of the initial unrelaxed
value. The pressure drop was almost linear and
could be stabilized by repeated heating. The errors
in pressure shown in Fig. 2 are based on a value of
7% and thus accounts for not only point to point
variation within the heated area of the sample (within
1%) and any misjudgment of the thermal pressure

19. A. P. Jephcoat, H. K. Mao, P. M. Bell, In Hydro-
thermal Experimental Techniques, G C Ulmer
and H. L. Barnes, Eds. (Wiley, New York, 1987),
pp. 469-506.

20. H. K. Mao, P. M. Bell, J. W. Shaner, D J. Stein-
berg, J. Appl. Phys. 49, 3276 (1978).

21. Although our study was not concerned specifical-
ly with melting, we used melting data in summa-
rizing the iron phase relations. Boehler et al. (2)
found that iron melts at substantially lower pres-
sures than did Williams et al. (4). This has led to
considerable arguments over the use of solid
pressure medium and the possibility of reaction
between the solid and iron. However, Jeanloz (1)
did not find any reaction in his studies at least to
a pressure of 40 GPa. The melting data of Shen et
al. (6), Boehler et al. (2), and Liu and Bassett (10)
do match well and, with increasing temperature,
begin to deviate systematically from the data of
Williams et al. (4). Therefore, we have adopted
the data from Boehler et al. (2).

22. We thank R. Boehler, Y. Fei, and H. K. Mao who
helped us in establishing our laboratory and shar-
ing their experience with us. Discussions with A.
Belonoshko and O. Anderson were useful. The
work has been supported financially by grants
from the Swedish Natural Science Research
Council and Wallenberg's Foundation.

22 March 1993; accepted 6 May 1993

Net Exchange of CO, in a Mid-Latitude Forest

S. C. Wofsy, M. L. Goulden, J. W. Munger, S.-M. Fan,
P. S. Bakwin, B. C. Daube, S. L. Bassow, F. A. Bazzaz

The eddy correlation method was used to measure the net ecosystem exchange of carbon
dioxide continuously from April 1990 to December 1991 in a deciduous forest in central
Massachusetts. The annual net uptake was 3.7 + 0.7 metric tons of carbon per hectare
per year. Ecosystem respiration, calculated from the relation between nighttime exchange
and soil temperature, was 7.4 metric tons of carbon per hectare per year, implying gross
ecosystem production of 11.1 metric tons of carbon per hectare per year. The observed
rate of accumulation of carbon reflects recovery from agricultural development in the
1800s. Carbon uptake rates were notably larger than those assumed for temperate forests
in global carbon studies. Carbon storage in temperate forests can play an important role
in determining future concentrations of atmospheric carbon dioxide.

Combustion of fossil fuel releases ~5.5 Gt
of carbon per year (1 Gt = 10° metric tons)
to the atmosphere (1), with an additional 1
to 2 Gt year™! released from tropical defor-
estation (2, 3). About 2 Gt year™! is re-
moved by the ocean (4, 5) and 3 Gt year™!
accumulates in the atmosphere (6). The
balance, 1 to 2 Gt year™!, is often presumed
(6, 7) to be stored by aggrading temperate
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forests. However, available estimates (3, 8)
indicate that the rates of net carbon uptake
by temperate forests are insufficient to bal-
ance the global carbon budget.

Mean rates for carbon uptake by aggrad-
ing temperate forests have been estimated
as 2.5 metric tons per hectare per year for
50 years after disturbance, near zero at
longer times (3). Early models for global
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rates of carbon uptake assumed that tem-
perate forests accrete carbon linearly with
time during succession (3), with equilibri-
um carbon stocks estimated on the basis of
allometric relations derived from a small
number of destructive harvests (9-11) and
with limited information on belowground
components (10). Estimates of rates for
carbon uptake by forests can be significantly
refined if the eddy correlation technique is
used to determine the net ecosystem flux
(12), for time scales from hours to years.
This method provides a direct measurement
of annual net uptake as well as information
on underlying ecosystem processes. Howev-
er, eddy correlation studies have not been
carried out for periods long enough to de-
fine seasonal or annual carbon exchange in
forests (13).

In this report we present nearly contin-
uous measurements of net ecosystem ex-
change (NEE) for CO, for 2 years in a
regenerating temperate forest using the
eddy correlation method. We determined
hourly, daily, and seasonal net fluxes for the
ecosystem for 1990 and 1991. Our study site
was located at Harvard Forest, Petersham,
Massachusetts (42.54°N, 72.18°W; eleva-
tion, 340 m), in a 50- to 70-year-old mixed
deciduous forest (red oak, red maple, and
white and red pine, with scattered individ-
uals of yellow and white birch, beech, ash,
sugar maple, and hemlock). The terrain
was moderately hilly, ~95% forested, with
the nearest paved roads >1 km away and
small towns >10 km away.

We instrumented a tower to measure the
exchange of CO, by eddy correlation at an
altitude of 30 m, 6 m above the canopy
(14). We computed the vertical flux from
the covariance of fluctuations of vertical
wind speed with CO, concentrations, aver-
aged over 30 min (14, 15), with special
consideration of nighttime data (16). We
obtained companion measurements of CO,
concentrations sequentially (two cycles per
hour) at 29, 24, 18, 12, 6, 3, 1, and 0.05
m, using an independent gas analyzer. The
net exchange of CO, between the atmo-
sphere and the vegetation plus the soil, the
NEE (in kilograms of carbon per hectare per
hour) is defined by

30 m
NEE = ¢ou+ [ (R,=Pidz (1)

0

where P is canopy photosynthesis, &, is
soil flux, and R, is aboveground respira-
tion. Our measurements of the eddy corre-
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lation flux at 30 m, F, and the vertical
concentration profile provide a direct mea-
surement of NEE,

dC
NEE =F + i (1b)

where c(z) is the CO, concentration at
height z and

dC d 30 m
P J c(z)dz
0

is the rate of change of CO, content be-
tween 0 and 30 m.

The NEE of CO, was positive (respira-
tion exceeded assimilation) from fall
through spring, except for warm intervals
when photosynthesis by conifers (~25% of
the canopy) and understory plants was ob-
served. Carbon uptake increased dramatical-
ly in June after leaves emerged, peaked in
July and August, and then declined in late
September during leaf senescence (Fig. 1).

Ecosystem respiration (R) was deter-
mined from nighttime NEE; R increased
with soil temperature measured at a depth
of 5 ecm (soil temperature T, see Fig. 2)
according to

R = 0.32(£0.07) + 0.075(+0.008) T, (2)

—2°C < T, < 20°C, where = denotes lo.
Chamber measurements at Harvard Forest
(14) indicated that belowground respiration
accounted for >80% of R, with much of the
balance due to stem respiration. Values for
R are similar to soil fluxes ob-

NEE (kg ha™! hour)

21 to 30 July
1
18 24

-12 1 1

12
Hour (EST)

served in a variety of temperate forests (17,
18). The annual integral for R, based on
the use of hourly soil temperatures in Eq. 2,
was 7.4 metric tons of carbon per hectare in
1991, slightly larger than obtained from a
regression of soil flux against mean annual
air temperature for a variety of forests (18)
(6.5 metric tons per hectare per year at
7.5°C, the annual mean air temperature for
Harvard Forest).

Carbon uptake increased systematically
with incident photosynthetically active ra-
diation (PAR) (Fig. 3A). Uptake was
slightly less after noon than in the morning
for a given PAR, indicating modest effects
of water stress, carbohydrate status, elevat-
ed air or soil temperatures, or lower ambi-
ent CO,. We fit hourly mean data to

aszR
T PAR (€)
1 + 4,PAR

with 2 > 0.9 (r is the correlation coeffi-
cient), ¢, = R, and the half-saturation
value a;7! close to the mean daily maxi-
mum PAR, in most intervals. The marginal
quantum yield as incident PAR approaches
Zero, a,, gives the maximum quantum effi-
ciency: low sun angles favor interception by
leaves, and low light intensities mitigate
limitation of photosynthesis by carboxyla-
tion enzymes and related factors. During
midsummer, a, at Harvard Forest was 0.04
to 0.055, similar to a, in the Amazon forest
(19) and slightly lower than the maximum
quantum yield observed for C; plants in

greenhouses [0.06 to 0.07 (20)] (Fig. 3B).

NEE = q,

'
N

NEE (kg ha! hour)
A

o &

........... T R,

12
Hour (EST)

Fig. 1. Net ecosystem exchange (NEE) (——) and its components, F (flux at 30 m) (----) and dC/alt
(----) (see Eq. 1), averaged by hour of the day (EST) for several 10-day periods in 1991. Solar noon
is between 1130 and 1200 EST. The B symbols denote results from scaling leaf-level observations
on canopy trees on 16 July, 22 August, and 28 September (see text).
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We may define the mean effective quan-
tum efficiency ((q.q)),

J [NEE — R(T,)}dt

24 hours

<qeff> = 4)
f PAR dt

24 hours

as the number of CO, molecules fixed per
day by the canopy per incident photon.
Values of {q.4) in midsummer averaged
0.02, 40 to 50% of a,. Climatic conditions
had only slight influence on (g.q) (for ex-
ample, the modest decline during dry
weather in July 1990), indicating that (g.¢)
is a well-defined property of the ecosystem.
Eddy correlation measurements of NEE for
selected intervals, along with measure-
ments of incident PAR and T,, could pro-
vide sufficient data to parameterize (q.q) and
R as functions of PAR and T, in mesic
forests. Annual net carbon storage could
then be computed from climatological ob-
servations of PAR and T, (21).

We measured the diurnal course of leaf
CO, exchange under ambient light at two
levels in the canopy. The leaf data were
scaled to ground area on the assumption
that observations at upper and lower levels
represented 1 and 2 m? of leaf area for each
square meter of ground, respectively (1 and
1.5 in September) (22); R, computed from
Eq. 2, was added to the scaled leaf measure-
ments for comparison with the tower data.
The leaf measurements reproduced most
features of the diurnal and seasonal changes
observed in the tower data (Fig. 1), except
for a tendency to underestimate photosyn-
thesis at midday.

Harvard Forest took up 6 metric tons of
carbon per hectare in the growing season
and released 2 metric tons per hectare in
the dormant period, both in 1990 and in
1991 (Fig. 4), implying a net ecosystem
production (NEP) of 4 metric tons of car-

NEE (kg ha'! hour1)

0 5 1o 15 20 25 30

Ts(°C)
Fig. 2. System respiration between 2300 and
0300 (EST) (R), and soil temperature (7, at a
depth of 5 cm), averaged over 10-day periods,
for 1990 (O) and 1991 (M). The linear least-
squares fit (Eq. 2) accounts for 70% of the
variance.
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bon per hectare per year. Analysis of sys-
tematic errors (16) indicates a probable
range for NEP of 3.5 to 4.0 metric tons per
hectare per year. Stochastic errors associat-
ed with flux computations (15) and with
absolute calibration introduce an additional
uncertainty of *=15%, giving an overall

o
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Fig. 3. (A) NEE plotted against PAR, for 18 to 27
September 1991; (A) p.m.; (A) a.m. The equa-
tion for the fitted curve is NEE = 1.73 — 0.017
PAR/(0.0014 PAR + 1). (B) Seasonal variation
of quantum yields for CO, fixation, obtained
from tower data for 10-day periods with mea-
surable photosynthetic uptake during daytime
hours: (W), marginal quantum yield for PAR — 0
(@ in Eq. 3); (+) mean effective quantum
efficiency, (G.q) (Eq. 4).

range of 3.7 + 0.7 metric tons per hectare
per year. This value is consistent with
recent allometric measurements of net
growth at nearby plots (3.1 to 3.6 metric
tons per hectare per year) (23), but larger
than the O to 2.5 metric tons per hectare
assumed in global carbon models (3, 8) or
the 0.5 metric ton per hectare inferred from
silvicultural inventories of European forests
(9). Gross ecosystem production, the annu-
al assimilation of CO,, was approximately
11.1 metric tons of carbon per hectare per
year (the sum of NEP and heterotrophic
and autotrophic respiration).

Forest age and historical land use are
expected to be major factors that regulate
the rate of CO, uptake. Harvard Forest is
heterogeneous, reflecting topography and
past land use. Portions were cleared for
agriculture between 1790 and 1830, then
abandoned, reverting to forest by 1890
(24) . Commercial logging in the 1920s and
1930s declined after a devastating hurricane
in 1938. Eddy correlation measurements
sample forest metabolism 100 to 500 m
upwind of the tower during the day, with
longer fetch at night (25). Our data show
that R was highest when the fetch sampled
poorly drained land northwest of the tower,
an area used as a woodlot during the agri-
cultural period, presently with patches of
older hemlock (24). Canopy photosynthe-
sis (NEE — R) did not show this asymme-
try. We estimate that annual NEP for the
former woodlot was about half of that for
the more extensive area used previously for
crops and pasture, indicating the impor-
tance of past land use, stand age, and soil
characteristics in regulating net carbon
storage.

Influx of nitrate and ammonium from the
atmosphere, 10 kg of nitrogen per hectare
per year (20), could stimulate growth, with
associated uptake of as much as 2 metric tons

[
e

I

Fig. 4. (Top) NEE of CO, (aver-
aged over 10-day periods M) . 50f
from April 1990 to December §
1991. Broken lines indicate inad- g B
equate data for a 10-day interval. g o
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of carbon per hectare per year if the addi-
tional biomass were primarily wood with a
carbon/nitrogen ratio of ~200. However,
nitrogen amendments to a nearby plot (23)
indicated efficient microbial immobilization
of nitrogen in these low-nutrient soils, im-
plying that less than 10% of the net annual
carbon uptake may be attributed to current
rates of nitrogen deposition.

Ecosystem respiration rates (R) and quan-
tum vyields at Harvard Forest are similar to
those in other temperate forests (17-19, 21).
The potential global area of temperate de-
ciduous forests is 1.32 x 10° ha, ~50%
cultivated at present (27). If the rate of
carbon accumulation at Harvard Forest were
representative, global uptake by temperate
forests could exceed 2 Gt of carbon per year.
Much of the currently forested area is man-
aged for wood products or was formerly used
for agriculture. If carefully managed, temper-
ate forests could represent a significant glob-
al sink for CO,. Boreal forests may also take
up significant quantities of carbon: we ob-
served a net uptake of 0.6 metric ton of
carbon per hectare in Quebec [50°N, 72°W
(28)] during July and August 1990, using the
eddy correlation method.

The direct flux measurements presented
here define NEE for time scales from 1 hour
to several years, accounting fully for the
storage of carbon above and below ground.
The study demonstrates that eddy correla-
tion observations may be carried out for
long periods with sufficient resolution to
integrate and partition carbon budgets for
major ecosystems. We anticipate that sim-
ilar investigations in a variety of ecosystems
could advance our understanding of the
global carbon cycle, by helping to develop
and test mechanistic process models and
remote-sensing algorithms and by providing
data on the response of ecosystems to cli-
matic variations.
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Identification of the von Hippel-Lindau Disease
Tumor Suppressor Gene

Farida Latif, Kalman Tory, James Gnarra, Masahiro Yao,
Fuh-Mei Duh, Mary Lou Orcutt, Thomas Stackhouse,

Igor Kuzmin, William Modi, Laura Geil, Laura Schmidt,
Fangwei Zhou, Hua Li, Ming Hui Wei, Fan Chen, Gladys Glenn,
Peter Choyke, McClellan M. Walther, Yongkai Weng,
Dah-Shuhn R. Duan, Michael Dean, Damjan Glavac,
Frances M. Richards, Paul A. Crossey,

Malcolm A. Ferguson-Smith, Denis Le Paslier, llya Chumakov,
Daniel Cohen, A. Craig Chinault, Eamonn R. Maher,*

W. Marston Linehan,* Berton Zbar,* Michael I. Lerman*

A gene discovered by positional cloning has been identified as the von Hippel-Lindau
(VHL) disease tumor suppressor gene. A restriction fragment encompassing the gene
showed rearrangements in 28 of 221 VHL kindreds. Eighteen of these rearrangements
were due to deletions in the candidate gene, including three large nonoverlapping
deletions. Intragenic mutations were detected in cell lines derived from VHL patients and
from sporadic renal cell carcinomas. The VHL gene is evolutionarily conserved and
encodes two widely expressed transcripts of approximately 6 and 6.5 kilobases. The
partial sequence of the inferred gene product shows no homology to other proteins,
except for an acidic repeat domain found in the procyclic surface membrane glycoprotein

of Trypanosoma brucei.

Von Hippel-Lindau (VHL) disease is a
familial cancer syndrome that is dominantly
inherited and that predisposes affected in-
dividuals to a variety of tumors. The most
frequent tumors are hemangioblastomas of
the central nervous system and retina, renal
cell carcinoma (RCC), and pheochromocy-
toma. The minimum birth incidence of
VHL disease is one in 36,000, penetrance is
almost complete by 65 years of age, and
median actuarial life expectancy is reduced
to 49 years, with RCC being the most
common cause of death (I1). Genetically,
the disease gene behaves as a typical tumor
suppressor (2) as defined in Knudson’s the-
ory of human carcinogenesis (3).
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By positional cloning strategies, we and
others have delineated the VHL gene re-
gion at human chromosome 3p25-p26 (4)
and have obtained a nearly complete ge-
nomic coverage in overlapping yeast artifi-
cial chromosomes (YACs) and cosmid-
phage contigs (5) (Fig. 1). In parallel with
the cloning efforts, we established a physi-
cal map of the region by pulsed-field gel
electrophoresis and began looking for gross
rearrangements affecting the region. These
efforts resulted in the discovery of nested
constitutional deletions in three unrelated
VHL patients (6). This finding and the
availability of cloned DNA provided rapid
access to the VHL gene. We reasoned that
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